[1] We report observations of unusual lower and upper cutoff frequencies on VLF spectrograms recorded by the DEMETER satellite (orbiting at ∼700 km) during thunderstorm activity. The upper cutoff frequencies in the spectrograms under discussion vary rapidly, approximately in proportion to L −3
Introduction
[2] The DEMETER satellite is designed to study ionospheric perturbations related to seismic and man-made activity. Its payload consists of wave and particle analyzers. A large part of the electromagnetic (EM) waves recorded by DEMETER consists of whistlers observed at low-latitudes and mid-latitudes, mainly during nighttime [Parrot et al., 2008] . Since the pioneering work by Storey [1953] and the classical book by Helliwell [1965] , a huge number of papers have been published on the generation, the propagation, and the impact of these waves on the ionosphere and the magnetosphere. Still, as thunderstorm activity is one of the most important phenomena in the Earth's atmosphere, much remains to be done to understand all the related effects. The purpose of this paper is to present particular spectrograms of whistlers with lower and upper cutoff frequencies in the VLF range, which are linked to the lower hybrid resonance (LHR).
[3] In the past, Kimura [1966] has discovered the role of the LHR in whistler wave reflection, which was first revealed experimentally by Smith and Angerami [1968] . Alekhin and Shklyar [1980] performed an analytical study of whistler wave propagation in quasiresonance regime and demonstrated a spatial merging of ray trajectories for single frequency waves starting with various initial wave normal angles. Inan et al. [1985] , when investigating the induced precipitation of radiation belt electrons, revealed the ray trajectory merging for fixed frequency waves injected at different latitudes with vertical wave normal angles. Using INTERKOSMOS-19 data, Bošková et al. [1988 Bošková et al. [ , 1990a have shown that LHR whistlers can be detected by satellites moving below the maximum of the LHR frequency height profile, and that they are formed by quasi-electro-static whistler waves propagating in the resonance mode at frequencies near the LHR frequency. A frequency-dependent spatial cutoff of the nonducted ground transmitter signals has been observed experimentally and interpreted theoretically by Sonwalkar et al. [1994] . Shklyar and Jiříček [2000] and Shklyar et al. [2004] used the MAGION 4 and 5 satellite observations of magnetospherically reflected whistlers to perform simulations of the corresponding spectrograms where the LHR reflection is of primary importance. Chum et al. [2003] presented oblique noise bands above the local LHR frequency observed onboard the MAGION 5 satellite. They showed that these emissions correspond to nonducted whistler-mode waves of various frequencies propagating near the so-called resonance cone [Smith and Brice, 1964] . More recently, using the Radio Plasma Imager on the IMAGE satellite, Sonwalkar et al. [2008] classified and identified whistler-mode wave reflection mechanisms, one of them corresponding to the well-known and already mentioned magnetospheric reflection, which takes place at the altitude where the LHR frequency is close to the transmitted pulse frequency. Among hundreds of papers devoted to whistlers we have referred to the above mentioned ones because the results of those papers are closely related to the following consideration, as well as they contain a large number of references to the most important whistler studies. Moreover, the present work can be considered as an extension of the paper by Walter and Angerami [1969] who studied nonducted propagation of whistlers between conjugate hemispheres.
[4] The rest of the paper is organized as follows. Section 2 briefly describes the wave experiment onboard DEMETER and presents specific spectrograms with unusual cutoff frequencies. Section 3 contains the discussion of the features of whistler wave propagation in the plasmasphere and the explanation of wedge-like spectrograms. Section 4 gives a summary of the results.
Wedge-Like Spectrograms Observed by DEMETER
[5] DEMETER is a low-altitude satellite launched in June 2004 onto a circular polar orbit at the height 710 km. The satellite measures electromagnetic waves all around the Earth except in the auroral zones [Parrot, 2006; Parrot et al., 2006] . In December 2005, the altitude of the satellite was decreased to 660 km. The frequency range for the electric field is from DC up to 20 kHz most of which falls into the VLF band. There are two scientific modes of operation: a survey mode where frequency-time spectra of one electric and one magnetic component are computed onboard up to 20 kHz, and a burst mode when, in addition to the onboard computed spectra, waveforms of one electric and one magnetic field component are recorded, permitting spectrum evaluation up to 20 kHz. The burst mode allows a spectral analysis with higher time and frequency resolution. During this mode of operation, the six components of the electromagnetic field are also recorded in the ELF range up to 1.25 kHz, which permits the determination of all wave characteristics, and to perform a wave propagation analysis [Santolik et al., 2003] . Details of the wave experiment onboard DEMETER can be found in the work of Parrot et al. [2006] and Berthelier et al. [2006a] . The related measurements of ion composition and temperature by the DEMETER thermal plasma analyzer are described by Berthelier et al. [2006b] .
[6] The figures show wedge-like events recorded by DEMETER. Figure 1 displays a 2 min VLF spectrogram of one electric field component recorded on 3 July 2007 when the instruments operated in the burst mode. The data were recorded in the Southern Hemisphere in the daytime. Low frequency noise can be seen below 500 Hz, but the most intriguing feature is the presence of two distinguished cutoff frequencies between 9 and 15 kHz. The lower one, further called f1, is nearly constant during the whole time interval, whereas the upper one, further called f2, starts at 14.5 kHz and decreases monotonically, reaching the lower cutoff at 0725:25 UT. Between these two cutoff frequencies, whistler waves are observed. We will identify events which have spectrograms of such type as wedge-like events (WLE). The individual whistler pulses have a special curvature which indicates frequency dispersion during propagation. This curvature is more pronounced close to the upper cutoff frequency f2. The shape of the pulses is quite different from that of ducted whistlers, indicating that the former are composed of wave packets traveling along various paths. In the upper part of the spectrogram, signals of VLF groundbased transmitters are observed close to 20 kHz. In the day event shown in Figure 1 , the lower cutoff frequency was about 9 kHz, while the wedge ended at L ' 2.9.
[7] Figure 2 shows the spectrogram of WLE typical of night. The spectrogram was calculated from electric field measurements in the Northern Hemisphere on 6 April 2007. Comparison with the spectrogram in Figure 1 shows that, in the night, WLE are observed at lower L shells (L < 2.5) than in the day, and the lower cutoff frequency (∼13 kHz) in the night events is essentially higher than in the day ones. (Note that for almost constant altitude of DEMETER, lower L shells imply also lower latitudes.) Other peculiarities that can be observed on the spectrogram are (1) higher spectral intensity near the upper cutoff frequency f2, (2) intensification of the spectrum at frequencies corresponding to VLF transmitters, in particular, at f = 19.8 kHz, in the L span where the WLE is observed, and (3) absence of low frequencies at lower L shells.
[8] Figure 3 is similar to Figure 1 , but the spectrogram is calculated from the data recorded on 2 August 2008. The same cutoff frequencies are clearly seen, although they are not so sharp. In contrast to the spectrogram shown in Figure 1 , a series of whistlers in the whole frequency range of the observation can be seen, although some of them suffer attenuation below the lower cutoff frequency f1. Their intensities are enhanced between f 1 and f 2. This whistler traces also show a more pronounced curvature close to f 2. Pulses from a Russian VLF ground-based transmitter can be seen between 12 and 15 kHz. These pulses have an increased intensity in the same domain of the spectrogram where the wedge is observed. The spectrograms shown in Figures 1 and 3 were recorded in the daytime when whistlers observed by a satellite are strongly attenuated during their ionospheric propagation [Fišer et al., 2010] .
[9] A spectrogram taken in the Northern Hemisphere in the daytime, when the satellite moved toward lower L shells, is shown in Figure 4 . In contrast to previous spectrograms, the upper cutoff frequency is now increasing along the satellite path, suggesting that the upper cutoff is connected with the L shell of observation. Similar to previous cases, there is an essential increase in VLF transmitter signal intensity on the L shell where the transmitter frequency is close to f2. While on the spectrograms shown in Figures 2  and 3 the intensification of the spectrum may be due to the addition of a transmitter signal to whistler waves originating from lightning, the intensification of the transmitter signal visible in Figure 4 is most likely due to propagation effects, namely, to trajectory merging (see section 3).
[10] We summarize the observational features of wedgelike events as follows. WLE may be observed in either hemisphere during day and/or night. In the day, the lower cutoff frequency f1 is lower than in the night. A similar tendency exists for the behavior of LHR frequency maximum in the upper ionosphere (see Section 3, Figure 9 ). Since quasi-electrostatic whistler-mode waves suffer magnetospheric reflection from the region where the LHR frequency exceeds the wave frequency, and since DEMETER orbits below the LHR maximum, these suggest that the lower cutoff of WLE (at least of its quasi-electrostatic part) is determined by the LHR maximum. As for the upper cutoff f2, the change of its slope depending on the variation of the latitude along the satellite path implies the dependence of f 2 on the L shell of observation. A significant increase of spectral intensity close to f 2 and the dispersion different from that of ducted whistlers suggest unducted wave propagation with the wave normal angles close to the resonance cone (see Section 3). In the next section we present a detailed quantitative description of WLE formation.
Some Features of Whistler Wave Propagation in the Plasmasphere and the Mechanism of Wedge Formation
[11] We assume that the wedge-like spectrograms presented above are formed by whistler waves arising from lightning strokes originating in thunderstorm activity, and that the shape of the frequency-time spectra is determined by a specific location of the satellite (i.e., inside the trough of the LHR frequency profile), and by the features of wave propagation in the nonducted quasiresonance regime. These features have been intensively discussed in the literature. Apart from the already mentioned pioneer and recent studies, we will also refer to the work by Gendrin [1961] [2003a] . Thus, the following summary, which underlines only some features necessary for our consideration, is based on the results of many authors. In particular, Walter and Angerami [1969] most closely parallels the present work (see the end of section 3 for specification).
[12] A lightning stroke creates an electromagnetic impulse which gives rise to electromagnetic waves in a wide frequency range, in particular, in the VLF band. These waves start propagating in the Earth-ionosphere waveguide in the form of electromagnetic wave packets. In the course of propagation in the Earth-ionosphere waveguide, the wave energy partly leaks into the ionosphere, and then to the magnetosphere, where it propagates as whistler-mode waves. Owing to the refractive properties of the ionosphere, the wave normal vector for all waves at the entrance point into the ionosphere is almost vertical and thus lies in a meridian plane. In the absence of azimuthal dependence of plasma parameters, which we will assume, the wave vector remains always in the meridian plane, so that wave propagation analysis in 2-D is sufficient. The following consideration originates from the ray tracing in the frame of geometrical optics based on the dispersion relation for whistler-mode waves in a dense plasma, in the frequency range that includes the LHR frequency. This dispersion relation, which can be obtained from the general dispersion equation for a cold magnetized plasma (see, e.g., Ginzburg and Rukhadze [1972] ), has the form, in standard notation,
Here w H is the electron gyrofrequency, the LHR frequency w LH is determined by
where n e , m e are electron concentration and mass, respectively, n a , m a are the same for ions of species a, k is the magnitude of the wave normal vector, is the wave normal angle (i.e., the angle between the wave normal vector and the ambient magnetic field), and
where w p is the electron plasma frequency, and c is the speed of light. Since, at the entrance into the ionosphere w w H for all waves in the considered frequency band, and since, not too close to the equator the initial vertical wave normal corresponds to finite cos , relation (1) implies that k 2 q 2 . In this case, which corresponds to the so-called quasilongitudinal electromagnetic waves, the LHR frequency profile does not affect significantly the wave propagation at w ∼ w LH , as the first term in (1) is much smaller than the second one. On the contrary, the LHR frequency profile influences the wave propagation at w ∼ w LH most significantly when k 2 q 2 and → p/2, which corresponds to the so-called quasiresonance (or quasi-electrostatic) regime of propagation. The transition from the quasilongitudinal to the quasiresonance regime is a well known tendency in nonducted whistler wave propagation in the plasmasphere [Kimura, 1985; Shklyar and Jiříček, 2000] . As the lower cutoff frequency of the wedge f1 is of the order of w LH in the upper ionosphere, the points mentioned above suggest that the wedge as such is formed by quasiresonance waves coming from the opposite hemisphere, while the general spectrogram may also include 0 + whistlers and ducted whistlers, of course. Following Smith and Angerami [1968] , we use the symbol 0 + and 1 − to denote fractional and full hop whistlers, respectively.
[13] The features of wave propagation from one hemisphere down to ionospheric heights in the conjugate hemisphere are illustrated by Figures 5 and 6 . In all cases, the waves are assumed to start at 500 km height with the vertical direction of the wave normal vector. Although the quantitative results of the ray tracing presented below depend on the employed model of plasma parameters, the ambient magnetic field, and the LHR frequency profiles, which are described in detail in the paper by Shklyar and Jiříček [2000] , the qualitative results do not depend on the model in use. Figure 5 shows the ray trajectories of various frequency waves (from 2 to 20 kHz) starting from the same point and propagating to the satellite height (700 km) in the opposite hemisphere, or to a reflection point. The model LHR frequency used in the ray-tracing calculations depends on altitude and latitude. In the range of L shells from L = 2 to L = 4, the LHR maximum decreases from 7.9 to 6.3 kHz. We see that 2 and 5 kHz waves are magnetospherically reflected above the satellite height implying that the waves propagate in the quasiresonance regime. Higher frequency waves reach the altitude of 700 km at various L shells, larger frequencies corresponding to lower L shells. This property, which is related to a more pronounced bending toward lower L shells of higher frequency quasiresonance waves, is important for understanding the mechanism of wedge formation. Another important property of VLF wave propagation in the plasmasphere is illustrated by Figure 6 , which shows the ray trajectories of 10 kHz waves starting from different latitudes l 0 in the Northern Hemisphere. Since the frequency is greater than the LHR maximum, all rays reach the satellite height. In general, the final L shell increases with increasing initial l 0 , however, beginning from a certain l 0 (∼43°for 10 kHz waves), all trajectories merge at large latitudes in the Southern Hemisphere so that they cross the satellite height practically at the same L shell. We should underline that, although these rays of the same frequency become more focused at the final L shell, in the absence of sharp density gradients or anomalies, they do not cross each other or form a cusp [Shklyar and Jiříček, 2000] .
[14] It turns out that the maximum L shell available for a given frequency f above LHR maximum is implicitly described by a simple empirical relation based on ray tracing simulations:
where f H eq is the equatorial electron gyrofrequency, and the dipolar model for the Earth's magnetic field has been used. At the same time, relation (4) gives an explicit expression for the maximum frequency which may be observed at low heights on a given L shell, from a source located in the opposite hemisphere and under unducted propagation. According to the first mentioned property of whistler wave propagation in the plasmasphere, all higher frequency waves will reach the satellite height at lower L shells. Although this property of whistler wave propagation has earlier been pointed out by several authors [see, e.g., Bošková et al., 1990b] , we show below the results of the corresponding ray-tracing calculations which, along with the relation (4), demonstrate another important property of wave propagation not pointed out earlier. Figure 7 shows the dependence of wave frequency f on the L shell at which it crosses the satellite height (dots) or is reflected above the satellite height (asterisks) for waves starting from various initial latitudes (L shells) in the opposite hemisphere. The curves (from left to right) correspond to initial latitudes (L shells) (a)
, 53°(L 0 = 2.98), and (e) 56°(L 0 = 3.45), respectively. We remind the reader that, for all waves, the initial height is equal to 500 km. With a very good accuracy, the rightmost curve is approximated by the relation f = 0.255 f H eq (L), shown as the solid line in Figure 7 . Quite surprisingly, this dependence is valid not only for waves that reach the satellite height, but also for waves which are reflected above the satellite (each frequency reflecting at its own height, of course.) The dotted part of this curve, i.e., the waves which reach the satellite height, defines the highest-frequency observable at the satellite and thus the upper cutoff frequency f 2 on the spectrograms under discussion. For the model used in the calculations, the maximum of LHR frequency along the field line as the function of L shell is shown in Figure 7 by the dashed line. It is worth noting that the waves at the limiting curve are reflected exactly at the maximum of the LHR frequency profile indicating that they propagate in the resonance regime, while waves starting at lower latitudes penetrate below the LHR maximum, which implies that they propagate in quasilongitudinal mode. We should mention that the wave packets, which undergo magnetospheric LHR reflection above the satellite, never reach the satellite height at a later time. And the reflections that may take place below the satellite (e.g., reflections from the bottom side of the ionosphere, or reflections due to scattering from small-scale density irregularities) are not included in Figure 7 , as those types of reflections are not represented in the frame of geometrical optics (i.e., ray tracing), on the basis of which the pattern in Figure 7 has been calculated. As was mentioned above, most of the features of whistler wave propagation in the plasmasphere which we discussed here have been known from previous work of various authors. Thus, for instance, the raypaths merging into a limiting trajectory and the related frequency-dependent spatial cutoff of the nonducted whistler waves have been previously pointed out by Walter and Angerami [1969] , Inan et al. [1985] , and Sonwalkar et al. [1994] .
[15] Comparison of the observed spectrograms with the ray-tracing calculations, which are summarized in Figure 7 , shows that the dependence of the upper cutoff frequency on the L shell along the satellite path is correctly described by the limiting curve in Figure 7 . More definitely, we can always choose the maximum latitude of the illuminating region (i.e., the region from which the waves excited by lightning strokes penetrate into the upper ionosphere) so that the corresponding limiting curve approximates correctly the upper cutoff frequency on the WLE spectrogram. This is illustrated by Figure 8 , which shows the typical behavior of the upper cutoff frequency in WLE events observed by DEMETER. The dashed lines correspond to two daytime spectrograms represented in Figures 1 and 3 . The black (dark) solid lines correspond to nighttime WLE events recorded on 6 April 2007 (Figure 2) , 22 September 2006, and 31 March 2006. As was noted above, the lower cutoff frequency for daytime WLE events, which is of the order of 7-9 kHz, is lower than for nighttime events for which it is about 11-14 kHz. As the minimum upper cutoff frequency corresponds to the wedge spike where the lower and upper cutoffs are equal, this minimum upper cutoff for daytime WLE events appears to be lower than for nighttime ones. The utmost solid grey line and the utmost line drawn in small grey squares represent the dependence of the upper cutoff f2 on L calculated under assumptions that the maximum latitude of the illuminating span is equal to 56°and 40°, respectively. One can see that, in all cases presented in the figure, the variation of the upper cutoff frequency is similar to L −3 , in agreement with the calculated dependence (see Figure 7) .
[16] Concerning VLF transmitter signals, they are subject to all the propagation features described above. Thus, their intensity should have a pronounced maximum on the L shells determined by (4) (under appropriate positional relationship between transmitter and receiver, of course) in a good agreement with the experimental data.
[17] As for the lower cutoff frequency, it cannot be directly inferred from the pattern in Figure 7 as the latter includes only 1 − whistlers, but does not take into account wave scattering or reflection of any type. Thus, a more comprehensive consideration is needed for understanding the origin of the lower cutoff frequency. In this connection we remember that, at L ∼ 2.5-3, the characteristic time between two successive LHR reflections is of the order of seconds, and that a wave packet may survive quite a few bounce periods related to these reflections. A typical number of bounce oscillations of magnetospherically reflecting (MR) whistlers observed experimentally is of the order of 5-7 [see, e.g., Smith and Angerami, 1968; Shklyar et al., 2004] which corresponds to time ∼10 s that agrees well with a theoretical estimation of the lifetime of MR whistlers under the assumption that it is determined by Landau damping [Bortnik et al., 2003b] . Magnetospheric reflection of a whistler-mode wave implies the quasiresonance regime of propagation, which becomes progressively prevalent with the increasing number of MR whistler bounce oscillations in the plasmasphere. Since a typical time of whistler propagation in quasiresonance regime is significantly larger than the time of propagation in quasilongitudinal regime, overview spectrograms which represent ∼2 min of wave measurements should be dominated by quasiresonance waves, which only propagate provided that f > f LH . Since the group velocity of quasiresonance LHR waves is virtually parallel to the ambient magnetic field, the maximum of LHR frequency along a given field line L should coincide with the lower cutoff frequency on the spectrogram taken at this L shell. Typical LHR frequency profiles, i.e., the LHR frequency (x axis) as the function of height (y axis) on a given field line L, are shown in Figure 9 . The left and right panels give the profiles typical of day and night, respectively. The calculated profiles are based on the Truhlik, Triskova, Smilauer (TTS) model of relative ion densities and electron density in the topside ionosphere.
This model is a part of the international reference ionosphere (IRI) and is described by Triskova et al. [2003] , Truhlik et al. [2004] , and Triskova et al. [2006] . We see that the LHR maximum in the daytime is smaller than in the nighttime, as well as the lower cutoff frequency on spectrograms in the daytime is smaller than in the nighttime, although the absolute values of LHR maxima and lower cutoff frequencies differ appreciably. Though there are cases in which the lower frequency cutoff is very close to the maximum of LHR frequency.
[18] As was mentioned above, the lower cutoff frequency obtained in the simulations depends on the plasma density, ion composition, and magnetic field model used in the ray tracing. In order to verify the robustness of our results, we also used another ray-tracing procedure based on full cold plasma dispersion relation, International Geomagnetic Reference Field (IGRF) model for magnetic field, and diffusive equilibrium for the ion composition in the upper atmosphere, all taken for one particular case of a WLE event (specified further in this section). This version of the ray tracing, described by Cerisier [1970] and Cairo and Lefeuvre [1986] , was substantially modified and used by Santolik et al. [2009] to study the propagation of the nonducted whistlers from their source. Chum et al. [2009] used this ray tracing in their investigation of subprotonospheric whistlers observed by DEMETER. In our study, we fitted the ion composition and the plasma density to the values given by IRI2007 model at the location of DEMETER at 0724:00 UT on 3 July 2007. This means that the obtained Figure 6 . Ray trajectories toward the satellite heights for 10 kHz waves starting in the Northern Hemisphere at 500 km height. Initial latitudes l 0 are from 28°to 56°. Satellite moving at 700 km height in the Southern Hemisphere, over the line where the trajectories end, observes the so-called 1_ whistler waves. The same applies to trajectories, which reach the satellite height, shown in Figure 5 . results can be related to the observation presented in Figure  1 . Since we used the IGRF magnetic field model, the ray tracing was run in geographical coordinates. The initial geographical latitudes were 36°N, 42°N, 47°N, 51°N , and 58°N. The results obtained are displayed in Figure 10 . Because of the time demands for calculations, we used a 0.5 kHz step-in frequency. Otherwise, the meaning of the lines and symbols is the same as in Figure 7 , i.e., the wave packets that reach the satellite height and are reflected above it are shown by dots and stars, respectively, and the value of the maximum of LHR frequency is indicated by a dark dashed line. In addition, the height of this maximum is shown by a light dashed line, with the corresponding scale on the right-hand side of the figure. In order to get the L value from the geographical coordinates, we used the DE-METER orbital data where the L value is given for each satellite location. The reflection L shell for waves reflecting above the satellite, and the L value of the LHR maximum on the raypath were recalculated using the following approximation:
where h DEM is the altitude of DEMETER, h refl is the altitude of the wave reflection, Re is the Earth's radius, and L DEM is the L value of DEMETER at the latitude of the reflection in the orbital data file. A similar formula was used to relate the L shell and the altitude of the LHR maximum displayed by the grey shaded line in Figure 10 .
[19] Comparison of the patterns in Figures 7 and 10 obtained with different models of geomagnetic field and plasma distribution shows their qualitative similarity along with certain quantitative differences. First of all, the ray tracing based on the plasma parameters and geomagnetic field relevant to the observations gives the dependence of the lower cutoff frequency f1 on the L shell, which is much closer to the measurements than that obtained from the simplified model. Therefore, these results support our sug- gestion that the LHR reflection which takes place above the satellite plays the dominant role in the formation of the lower cutoff.
[20] Finally, we present a simulated spectrogram which is expected to be the model counterpart of the overview spectrogram shown in Figure 1 . The method of modeling the spectrograms related to lightning-induced emissions is described in detail by Shklyar and Jiříček [2000] , Shklyar et al. [2004] , and Shklyar [2005] . The latitude in degrees displayed on the x axis in Figure 11 corresponds to values on the spectrogram shown in Figure 1 . The altitude and the L-shell variation used in simulations match the values along the corresponding orbit (shown in the figure representing the real spectrogram). Despite the apparent differences between the real and simulated spectrogram, the latter reveals many important features of the former, namely: (1) a quite accurate reproduction of the upper frequency cutoff; (2) a significant increase of the dispersion and spectral intensity near the upper cutoff frequency, which appear to be common properties; and (3) the existence of the lower cutoff frequency, although it is quantitatively different in simulations and on the real spectrogram.
[21] We obtained similar results for the simulation of WLE along the parts of orbits where the satellite moves toward lower L shells (see Figure 4 for an example of the real spectrogram). In these cases, the simulated upper cutoff frequency f2 increases along the orbit in a good agreement with observations, however, the lower cutoff frequency f 1 exhibits larger discrepancy with real measurements. Note that the simulation of an overview spectrogram requires calculations of trajectories and all wave parameters, including the variation of the ray tube cross sections, for many thousands of rays. That is why the simulations have been performed using simplified (purely analytical) models of the geomagnetic field, plasma density distribution, and the LHR frequency.
[22] As follows from the present work, the events, which have the wedge-like shape on overview spectrograms, consist of a series of "walking-trace" whistlers described and explained qualitatively by Walter and Angerami [1969] . Our work provides confirmation, further development, and application of their ideas to the data from the DEMETER satellite. Apart from the first time observations of pure WLE, new theoretical points include quantitative description of the upper frequency cutoff, and explanation of diurnal dependence of the lower frequency cutoff.
Summary
[23] The LHR frequency is known to play a crucial role in VLF wave propagation in the plasmasphere, in particular, quasiresonance VLF waves cannot propagate in a region where the LHR frequency exceeds the wave frequency. When such a wave propagates in the direction of increasing LHR frequency, it is reflected at the level where its frequency is close to the local LHR frequency. The intensity of quasiresonance waves significantly increases close to LHR frequency due to substantial decrease of the group velocity. As a consequence, the LHR associated phenomena are among the most pronounced in the VLF measurements on satellites. This concerns, first of all, electric field measurements because of the quasi-electrostatic nature of resonance LHR waves. In this respect DEMETER is of particular value as it is orbiting in the region of the upper ionosphere where the height profile of the LHR frequency forms a trough, so that the maximum of LHR frequency along the geomagnetic field line is above the satellite. The VLF phenomena presented in this paper, i.e., the formation of a wedge-like structures on overview spectrograms, are explained in terms of the wave propagation features and a specific position of the satellite with respect to the LHR maximum. In general terms, this explanation, which is in line with the analysis of Walter and Angerami [1969] , consists of the following. WLE is formed by whistler-mode waves originating from lightnings and thus is related to thunderstorm activity. The wedge as such is formed by whistler waves propagating in a quasiresonance regime. All quasiresonance waves with frequencies below the LHR maximum are reflected above the satellite, which explains the lower frequency cutoff of the WLE, which is thus close to the maximum of the LHR frequency above the satellite. The appearance of an upper cutoff frequency is due to another feature of unducted VLF wave propagation, which consists in the trajectory merging into a limiting trajectory for waves with the same frequency, but starting from different latitudes in the opposite hemi- Figure 11 . Simulated spectrogram typical of a poleward part of the orbit.
sphere. As the further increase of the initial latitude does not lead to an increase of the final L shell in the opposite hemisphere, there appears a maximum L shell on which the waves with the given frequency can be observed. This L shell decreases with the increase of wave frequency due to a more pronounced bending toward lower L shells for higherfrequency waves. As a result, the accessible domain for quasiresonance whistler-mode waves on the (L -f) plane takes the observed wedge-like shape.
